Contributions of lipases to CTL function have been debated, including if T cell lipases damage target cells. Expression of the lipase pancreatic lipase-related protein 2 (PLRP2) was previously found in IL-4 cultured lymphocyte cell lines but absent from IL-2 cultured lymphocytes. Here, we evaluated IL-2 and IL-4 induced CTLs for hydrolysis of target cell lipids and killing. Using anti-CD3 redirected lysis of [ 3 H]-oleic acid-labeled P815 tumor cells, we detected the release of the radioactive fatty acid (FA).
Introduction
Function in the immune system to clear tumors or virally infected cells. In their arsenal, CTLs possess biochemical weaponry for several methods of killing, including release of the potent proteins such as perforin and granzymes for the exocytosis-induced pathway (1) and engagement of the plasma membrane Fas ligand for the Fas death receptor pathway (2) . Contributions of lipases to CTL function have been debated since 1971 when Koren et al. (3) observed release of oleic acid from dying P815 target cells. Lipase activities that are activated only by perforin-dependent CTL killing remain to be characterized, while lipase activities activated by the Fas pathway have been characterized as phospholipases A2 and C as well as diacylglycerol lipase (4) . The possibility that lipases may be secreted as killing enzymes is supported by the expression of a lipase, pancreatic lipase-related protein 2 (PLRP2), that is induced in CTLs by IL-4 (5), a cytokine that supports type 2 cytotoxic T lymphocyte (Tc2) differentiation (6) . Additionally, knock out of the PLRP2 gene results in reduced killing capability (7) . As of yet, the exact function of PLRP2 in activated T cells remains unknown; however, the lipase is a promising candidate as a membrane-damaging enzyme because it can hydrolyze multiple lipids, including triglycerides (8) , phospholipids (8) (9) (10) and galactolipids (11, 12) . Furthermore, cell death produced by IL-2 induced type 1 (Tc1) CTLs, which lack PLRP2 expression (5), results in substantial hydrolysis of lipids of the tumor cells 'targeted' for killing (13) . Our paper extends the key observations by Kleinfeld et al. (13) concerning Tc1 CTL-initiated release of target cell fatty acids (FAs) to the examination of Tc2 PLRP2-associated hydrolysis of the tumor cell lipids.
Despite the cited observations, the connection between general lipase-mediated membrane hydrolysis and T cellmediated cytotoxicity remains unclear. Several tantalizing, but unexplored, ideas in T cell immunology could potentially be explained by lipases. For example, it is still unknown exactly how perforin and granzymes are transferred from a CTL into the target cell cytoplasm. Traditional models involve perforin-dependent plasma membrane pores through which granzymes can diffuse. However, at physiological conditions, perforin alone is unable to produce pores with sufficient diameter to allow granzyme entry (14) . Lipases from the CTLs may be able to alter these pores and facilitate granzyme entry into cells. Other models involving perforin-induced cell death are based on evidence that granzymes can enter cells through receptor-mediated endocytosis, but the internalized granzymes cannot be released from the endosomes without a permeabilizing agent such as perforin (14) . Again, lipases from the CTLs could have a cytotoxic function, potentially co-localizing in and disrupting the granzyme-laden endosomes. Lipases of the target cells may also be directly involved in the induction of apoptosis. For example, tumor necrosis factor-a may induce apoptosis in part by activation of target cell phospholipase A 2 enzymes, although there is conflicting evidence on the connection between lipid hydrolysis and apoptosis (15, 16) . Thus, lipases contributing to cell death can be from either the CTL or the target (or from both). In this study, we tested this possibility using the lipase inhibitor tetrahydrolipstatin (THL).
We have selected immunological and biochemical approaches to address the potential for lipases of different CTLs to damage tumor cell membranes. We activated mouse T cells with con A to induce CTLs from all T cells regardless of their antigen-restricted specificity and cultured the cells with either IL-2 or IL-4, to polarize the CTLs toward cytotoxic type 1 or type 2 T cells, respectively. Also, we detected lysis by CTLs regardless of their antigen specificity, by using an anti-CD3 antibody redirected method to initiate lysis (17) . Thus, by using con A activation and redirected lysis, we were able to characterize the rapidly induced lipases of CTLs and avoid the variables associated with long-term differentiation that occurs during the time needed in vitro to produce large numbers of T cells specific for a single antigen. Wild type (WT), PLRP2
À/À or perforin (Pfn À/À ) CTLs were used to evaluate T cell-derived lipase. The PLRP2 À/À CTLs were used to determine the role of this lipase in CTL killing and the perforin À/À CTLs were used to determine if perforin lesions were required for target cell lipid hydrolysis.
The release of CTL lipases was detected two ways. The first was to monitor the release of any triglyceride lipases (including PLRP2) by T cells after stimulation to secrete proteins and to release granules (18) . The second approach was to assay both triglyceride and phospholipase activities by monitoring hydrolysis of lipids of P815 cells, using radiolabeled oleic acid that is incorporated into many different triglycerides and phospholipids. For the second approach, it became necessary to extract the cell-free supernatants to distinguish between soluble FAs and intact lipids associated with small apoptotic vesicles that are also found in the supernatants (3, 13, 19) . Here, we report that both Tc1 and Tc2 CTLs release triglyceride lipases. Cells dying after Tc1 and Tc2 attack release substantial amounts of FA. However, it appears that during CTL-mediated killing, both CTL lipases and lipases of the target cells fail to contribute to tumor cell death.
Methods

CTLs and tumor cells
CTLs were generated from mouse splenocytes; BALB/c mice (Jackson Laboratories, Bar Harbor, ME, USA), PLRP2 À/À BALB/c (7) and their PLRP2 Perkin Elmer) and counted in a Beckman scintillation counter for 3 min per sample. To calibrate and standardize the activity of different assays, a titration of r-PLRP2 from 50 ng to 1.6 ng was carried out and stopped after 10 min to create a standard curve. Release of CTL lipases was triggered by either a combination of phorbol myristic acid (100 ng ml À1 , Sigma) and ionomycin (1 lg ml À1 , Sigma) or by bead-bound anti-CD3 antibody (clone 2C11, eBiosciences).
Inhibition of r-PLRP2 by THL. Recombinant (r-) human PLRP2 (10) (a generous gift from F. Carriere, PhD) was inhibited with the irreversible lipase inhibitor THL (21) (Sigma). The inhibitor was dissolved in 100% dimethyl sulfoxide (DMSO, Sigma) and then added to r-PLRP2 in HEPES buffered saline with 1 lg ml À1 BSA at varying concentrations up to 8 lg ml
À1
and incubated for 10 min at 37 o C. Following this incubation, the lipase was assayed with Di-FMU octanoate (22) (Invitrogen, Carlsbad, CA, USA). For inhibition of lipase-generated radiolabeled oleic acid in the CTL assays, THL (Sigma) was first dissolved in DMSO and then added to the assays at 10 lg ml À1 final concentration, thus potentially affecting both effector CTL and target cell lipases. To determine maximal endogenous lipase activity in the tumor cells, 10 5 radiolabeled P815 cells in 1 ml of RPMI 1640 + 1 mg ml À1 BSA were 23 frozen in liquid N 2 , thawed and then incubated for 4 h as below for the cytotoxicity assays.
To monitor labeled FA release following death caused by extracts of isolated cytotoxic granules, we used extracts of cytotoxic lymphocyte granules from rat RNK-16 cells (23) at a concentration of 0.057 mg ml À1 (final 280 hemolytic U ml
) and oleic acid-labeled P815 cells. The cells were incubated with the perforin-containing granule extracts for 4 h in the presence of the metabolic inhibitors 5 mM 2-deoxyglucose (Sigma), 1.5 mM NaN 3 (Sigma) and 1 mM KCN (Sigma) to increase the cellular susceptibility to isolated perforin (24) .
Purified bovine pancreatic triglyceride lipase (PTL) was obtained from Sigma, and bovine lipase co-lipase was obtained from AbD Serotec (Raleigh, NC, USA). These lipases were used in combination with cytotoxic granule extras. Without granule extracts, these proteins lack cytotoxicity and the ability to hydrolyze lipids of intact targets cells.
Cr cytotoxicity assays
Lysis of target cells was determined by redirected lysis in a similar manner to the [ CrO 4 (Perkin Elmer) (17, 26) and used in anti-CD3 redirected lysis assays. Following 4 h of redirected lysis, 100 ll of supernatant was collected for detection in a Cobra-II auto gamma counter. In order to determine if the oleic acid release assay was proportional to the dead cells (as opposed to the lymphocyte cell density), in some experiments we normalized FA release to the number of dead cells, using the ratio of WT and PLRP2 À/À CTL lytic activities [in lytic units (LU)] as a correction factor to make the number of dead cells equivalent. Lytic units were calculated as number of lytic units per 10 3 10 6 lymphocytes, with 1 lytic unit defined as the number of lymphocytes required to lyse half (5 3 10 4 ) the targets cells (27) .
Determination of FAs versus apoptotic membrane fragments released after CTL-mediated killing
The [ 3 H] radiolabel released into the cell-free supernatants could be either FAs or lipid vesicles from apoptotic cells (28) . Lipids and FAs were separated by extraction with organic solvents (29, 30) . In 24-well plates (Corning), [ 3 H]-oleic acid labeled, 10 5 tumor cells and 8 3 10 5 CTL effectors were incubated in 1 ml volumes with or without anti-CD3 antibodies. Following a 4-h incubation, the cells were collected, centrifuged at 28 000 3 g in a microcentrifuge, and the supernatant and cell pellet were separated by decanting. Cell pellets were re-suspended in 1 ml of chloroform. The supernatant or the cell pellet (200 ll) was added to a fresh mixture of chloroform:methanol:heptane (12.5/10/14) in 4 ml glass vials and vortexed. Carbonate pH 10 (250 ll) was added to the mixture and vortexed. The glass vials were centrifuged using a Thermo IEC-7000M (International equipment company, Needham, MA, USA) at 1040 3 g for 5 min to separate the phases. The aqueous (upper) and organic (lower) phases (100 ll) were removed for scintillation counts using a Beckman scintillation counter instrument.
Correction factors were made for the FAs remaining in the chloroform phase. For determination of FA and triglyceride partitioning, 5 lCi ]-triolein (Perkin Elmer) were brought up in 1 ml RPMI 1640 containing 1 mg ml À1 BSA and extracted as above. Corrections were made to the experimental aqueous phase scintillation data by adding the percentage of oleic acid predicted to remain in the organic layer. The equations are listed below:
1. Total CPM as FAs = (Experimentally determined CPM in the aqueous layer)/(the fraction of total oleic acid normally partitioning into the aqueous layer).
2. Total CPM as lipids = (Experimentally determined CPM in the organic layer) À (the oleic acid partitioned into the organic layer).
In addition to the detection of hydrolyzed lipids by organic extraction, we used thin layer chromatography (TLC) to verify that the released radiolabeled oleic acid was both a free FA and found in different lipids (data not illustrated).
Statistical analyses
Results are expressed as mean 6 SD of the collected data. Statistical evaluations of the data were performed with Excel and Sigma plot software. The differences in mean values were evaluated by Student's t-test. Differences were considered significant if the P was <0.05.
Results
Release of lipase activity from CTLs
Tc1 have higher cytotoxicity than Tc2 CTLs and might also differ in their release of lipases. Evidence supporting a Cytotoxic T lymphocyte-induced lipid hydrolysis 545 difference is found with the presence of the pancreatic lipase, PLRP2, which is induced with the type 2 cytokine, IL-4. We have determined that IL-4 induced Tc2 CTLs rapidly and selectively express PLRP2 within 4 days of activation, while IL-2 induced Tc1 CTLs lack PLPR2 expression (manuscript in preparation). When freshly isolated T cells are activated with the con A, all T cells respond, bypassing their need for specific antigens. The T cells will become polarized to become Tc1 CTLs by the presence of endogenous gamma interferon and require addition of IL-2 to grow (in the absence of added IL-4) or become polarized to become Tc2 CTLs if there are high levels of IL-4 (which can support T cell growth for up to 14 days).
To determine if CTLs release lipase activity, day 6 Tc1 and Tc2 CTLs were induced to undergo exocytosis via stimulation with anti-CD3 antibodies covalently coupled to beads. At 0 and 2.5 h, the T cell-free supernatants were collected and assayed for triglyceride lipase activity. Both Tc1 and Tc2 CTLs released lipase activity (Fig. 1 ). There was measurable lipase activity in the tissue culture media alone and in the media removed from the CTLs at the initiation of culture time zero (T zero )]. The Tc1 cells secreted lipase activity without anti-CD3 stimulation, which was decreased after anti-CD3 induced stimulation. In contrast, the Tc2 cells secreted more lipase activity after anti-CD3 stimulation. In 3 of 6 experiments with Tc2 CTLs from WT and PLRP2
À/À littermates, the released lipase activity was greater for the WT; however, the differences had a P values >0.05. Thus, we were unable to detect lipase activity attributable to PLRP2 and the identities of the lipases are unknown. The anti-CD3 stimulation was accompanied by release of granzyme proteases (not indicated).
Tc1 and Tc2 CTLs release radiolabeled FAs and/or lipids from tumor cells during killing
The next issue was whether death mediated by CTLs would be accompanied by major hydrolysis of tumor target cell lipids, particularly since perforin damage occurs at the plasma membrane and apoptosis might leave organelles like lipasecontaining lysosomes intact. Tumor cell lipids were labeled with [ 3 H]-oleic acid and used to monitor release of oleic acid during killing. Parallel assays were performed with CTLs and P815 tumor targets labeled with 51 Cr to monitor cell death. Tc1 and Tc2 CTLs, cultured with either IL-2 or IL-4, effected substantial release of [ 3 H]-oleic acid from tumor cell membranes that paralleled cytotoxicity ( Fig. 2A and B) . As might be expected, the Tc1 cells were more active killers than the Tc2 cells (31) . Both oleic acid release and cytotoxicity required the presence of anti-CD3 antibody that was needed to support the redirected lysis. The release of oleic acid suggests that both types of CTLs can release lipid products as either FAs generated by lipases and/or as lipids associated with apoptotic bodies or membrane vesicles. The Tc1 CTLs had more lytic activity per T cell ( Fig. 2A) . Tc1 CTLs also released more oleic acid radiolabel than the Tc2 cells (Fig.  2B ) when compared at the same effector to target cell (E:T) ratios. It should be noted that the oleic acid radiolabel released is a slight underestimate of the actual release because of potential reincorporation of the released FAs into the live P815 cells and into the varying numbers of CTLs.
The [
3 H]-oleic acid radiolabel released into the supernatants represents both FA products and membrane-associated lipids Zhang et al. (28) showed that released radiolabel in the supernatant of apoptotic cells (killed by etopside stimulus), that was purported to represent detection of FAs, was actually reflective of floating apoptotic bodies with intact lipids as well as reflective of soluble FAs that were produced by cellular phospholipase A 2 . We wanted to distinguish oleic acid released by lipase activities from the membrane fragments and vesicles of dead cells. To determine the fraction of the cell-free supernatant that was truly FA, we performed chloroform:methanol:heptane extractions to isolate the aqueous phase FAs. In preliminary studies, we found that radiolabeled triolein and phospholipids were completely retained in the organic phase and that oleic acid partitioned 84-90% in the aqueous layer and 10-16% in the organic phase. Extractions of the cell-free supernatant indicate that roughly half of the released radiolabel was soluble FAs (Fig. 3A) . We speculate that the other half of the released label, the radiolabel retained in the organic phase, might be apoptotic bodies. When we used centrifugation to precipitate apoptotic bodies and membrane vesicles from the cell-free supernatant, ;50% of the radiolabel released by Tc1 CTLs and tumor cells at an E:T of 8:1 with anti-CD3 was precipitated (data not illustrated), consistent with half of the released radiolabel as membrane-bound vesicles. The release of hydrolyzed Fig. 1 . CTL release of triglyceride lipases. Splenocytes were activated and cultured with 500 U ml À1 of either murine r-IL-2 (to generate Tc1 CTLs) or r-IL-4 (to generate Tc2 CTLs). CTLs were incubated for 2.5 h with immobilized anti-CD3 to stimulate the T cell receptors for antigen and trigger exocytosis of cytotoxic granules and protein secretion. Each lipase assay contained 3.2 million cell equivalents. As a control for endogenous lipase activity present in the media and contributed by the washed CTLs, cell-free supernatants were taken at the T zero points. The cell-free supernatants from the T zero , Tc1 and Tc2 cell after stimulation, were concentrated and immediately assayed for lipase activity using radioactive triolein for 60 min at 37°C. Tc1 CTLs secreted a constitutive lipase activity that was decreased after anti-CD3 stimulation. In contrast, Tc2 cells secreted detectable lipase activity after anti-CD3 induced exocytosis. All P-values were determined using Student's t-tests.
membrane FAs was determined independently by TLC analysis of the resulting centrifuged cell-free supernatant (data not illustrated). An increase in effector to target ratio to 32:1 resulted in an enhanced FA to lipid ratio present in the supernatant (data not illustrated). Extractions of the cell pellet demonstrated that the majority of biologically incorporated FA radiolabel (95% or greater in all conditions) partitioned into the organic layer, reflecting label incorporated into phospholipids or triglycerides (Fig. 3B) . CTL-mediated cytotoxicity resulted in loss of radiolabel from cell pellet concurrent with the release of soluble radiolabel from dead cells into the supernatant. The dead cells and cell fragments of the targets incubated with CTLs and anti-CD3 in Fig. 3(B) retained less radiolabel than the targets without CTLs or without anti-CD3. Thus, the cell-free supernatants contained substantial FAs, as originally reported by A. Kleinfeld, as well as substantial membrane fragments associated with cell death that contained un-degraded lipids. Similar results were observed with cells killed by Tc2 CTLs. Based on the specific activity of the oleic acid, the soluble FA concentrations reached 1.7 3 10 À9 M concentrations after 2.5 h of killing at lymphocyte to P815 ratios of 8:1. The volume of the soluble FAs was 1 ml for 5 À/À CTLs at similar E:T ratios, regardless of whether the CTLs in question were Tc1 or Tc2 CTLs (Fig. 4A and B) . Reduction in cytotoxicity by the PLRP2 À/À CTLs, as previously reported, was quantified for this experiment and other representative experiments, using short-term 51 Cr release assays and lytic units ( 51 Cr for 4 h to monitor cell death. The [ 3 H]-radiolabel released into the cell-free supernatant was monitored as an initial indication of lipase activity (that would release oleic acid). Subsequently, we found that apoptotic bodies and membrane vesicles contributed to ;50% of the [ 3 H]-radiolabel in these supernatant (see Fig. 3 ). Release was proportional to the ratio of effector CTLs to P815 target cells (E:T). Tc1 or Tc2 CTLs, derived from BALB/c spleens and stimulated with either 500 U ml À1 IL-2 (A) or 500 U ml À1 IL-4 (B), respectively, were used to redirect lysis of [ 
versus PLRP2
À/À CTLs were greater than for WT compared with KO Tc1 cells and were 3.5-fold better for WT Tc2 cells than PLRP2
À/À cells (Table 1) . To address the issue of whether the lipases came from the Tc2 CTLs or from P815s (or from both cells), we normalized the [ Fig. 4(D) , there was similar release of label per dead P815 cell, killed by WT or by PLRP2 À/À CTLs.
Thus, overall, the data of Fig. 4 are consistent with the majority of lipase being independent of PLRP2 and potentially being from P815 cells rather than T cells. Later, we illustrate that dead P815s have substantial auto-degrading lipase activity.
The FAs released from P815 cells may be caused by endogenous lipase activities
Both apoptosis and necrosis can activate endogenous lipases. To assess further whether the lipase activity was derived from CTLs or from dead tumor cells, we evaluated an extreme model for endogenous lipases released using cells that were 100% disrupted at the start of incubation and then incubated for the same time as the CTL assays. We compared the [ 3 H]-oleic acids released by live P815 cells alone, by 23 frozen and thawed P815 tumor cells, by cytotoxic granules with P815 cells and by tumor cells after CTLmediated killing ( Table 2 ). The FA released by live P815 cells alone were ;2% of all the [ 3 H]-oleic acid incorporated, while in the extreme case of 100% cell death caused by freezing and thawing the P815s, another 2% of free FAs were released by endogenous lipases. When CTLs mediated the killing (at 8:1), a total of ;5% free FAs were released, with similar release mediated by either Tc1 or Tc2 CTLs. Using granules isolated from cytotoxic lymphocytes, we tested if FAs release could be carried out by the action of extracts of cytotoxic lymphocyte granules containing perforin that alone will disrupt plasma membranes and induce tumor death. To (Table 1) . The WT CTLs with the PLRP2 gene were more lytic than the PLRP2 À/À CTLs, particularly after culture with IL-4 to induce PLRP2 (3.53 more lytic). However, when the oleic acid release was normalized to cell death (see B and D), PLRP2 had insignificant effects on the amount of lipid radiolabel released during killing. Ratios of the lytic activity were used to determine the fold difference in lytic activity exhibited by PLRP2 +/+ and PLRP2 À/À for both the Tc1 and Tc2 CTLs. This experiment is representative of five experiments.
increase P815s tumor cells susceptibility to the cytotoxic granule extracts, the P815 cells were treated with 5 mM 2-Deoxy-D-glucose, 1.5 mM NaN 3 and 1 mM KCN to hinder cellular repairs of cytotoxic granule-mediated damage (24) . Granules at a concentration of .0574 mg ml À1 resulted in 74% cell death in the pre-treated P815s and mediated a release of 9% of the total FA. Treated P815s alone released 6% of the total FA, indicating that cytotoxic granule-mediated cell death yielded a 3% specific release of FAs. The granule extracts lacked lipase activities as evaluated by two assays. Furthermore, addition of 1 lg ml À1 of r-PLRP2 or 2 lg ml À1 PTL in combination with excess (10 lg ml À1 ) colipase failed to increase the cytotoxicity of the cytotoxic granules although these lipases did increase the oleic acid release (data not illustrated). Thus, the death by CTL attack activates endogenous P815 lipases and there would have been sufficient un-hydrolyzed substrate to observe additional lipases.
CTL-associated P815 lipase activity was perforin dependent
To determine if the observed lipase release is a result of CTL-mediated cellular death of the tumor cell, we used Pfn À/À CTLs to prevent target cell lysis (and release of endogenous P815 lipases). In the absence of perforin, triggering of CTL cell receptors for antigen causes cytotoxic granule proteins, including granzymes, to be exocytosed but the tumor cells remain intact (as measured by 51 Cr release, data not illustrated). To eliminate the apoptoticinduced cell death by the predominant death ligand, fasL, on the surface of the activated T cell, we used P815 target cells. P815s have low expression of the Fas receptor and would be less inclined to undergo apoptotic death in the presence of T cell death ligands (25) . This would reduce the possibility of [ 3 H]-apoptotic bodies interfering with our results. Lipase activities are released by CTLs upon anti-CD3 stimulation (data not illustrated). We compared the release of FAs using both Tc1 and Tc2 Pfn À/À CTLs. There was no detectable release of radiolabel (over that secreted by the live P815 cells) by either Tc1 or Tc2 Pfn À/À CTLs. These data indicate that the Tc1 and Tc2 derived lipases were unable to mediate substantial hydrolysis of lipids within intact tumor target cells (Fig. 5) .
THL, an inhibitor of the pancreatic a/b hydrolase foldcontaining subclass of lipases, affects the lipases of P815 cells and the lipase activity associated with CTL-mediated cytotoxicity
We next asked whether the release of P815 FAs was reflective of a lipase activity and if THL (THL) inhibition of lipase activity would decrease the cytotoxic activities of either Tc1 or Tc2 CTLs. THL, (also known by the pharmaceutical name Orlistat R ) is an irreversible lipase inhibitor that binds to Ser 152 in the catalytic triad of lipases of the a/b hydrolase fold-containing lipases (32) (33) (34) . THL has been also shown to inhibit PLRP2 activity (9) and under the pH of our tissue culture media at 8 lg ml À1 (3.2 3 10 -7 M), THL inactivated 88% of r-PLRP2 in 10 min (data not illustrated). THL is actually a slow-acting inhibitor, particularly under the tissue culture conditions. With 1 lm THL, 25% of r-PLRP2 was still active after 10 min. Both endogenous P815 lipase activities ) was added to P815 targets that were treated with 5 mM 2-deoxyglucose, 1.5 mM NaN 3 and 1 mM KCN to increase tumor cell sensitivity to perforin. The lysis by granule extracts was 74%, respectively. Fig. 5 . CTL release of FA was perforin dependent. CTLs were derived from WT and perforin knockout mice of the same C57BL/6 background, using conditions described for Fig. 2 and assayed for redirected lysis of [ 3 H]-oleic acid-labeled or 51 Cr-labeled P815 cells. There was substantial 51 Cr lytic activity for the WT Tc1 and Tc2 CTLs that was totally absent from the Pfn À/À CTLs (data not illustrated). (A and B) In the absence of perforin, release of oleic acid was also undetectable for both Tc1 and Tc2 CTLs even at the highest ratio E:T ratio of 1:1.
(from dead cells alone) and CTL-initiated lipase activities (from P815 cells killed by CTLs) were inhibited by THL. When [
3 H]-oleic acid-radiolabeled P815 cells were disrupted by freeze-thawing, and then incubated for 4 h with or without 10 lg ml À1 THL, the lipase activity, which released 4% of total radiolabel, was inhibited 43% (data not illustrated). At 10 lg ml À1 , THL dramatically inhibited the release of radiolabel mediated by either Tc1 or Tc2 CTLs of either WT or PLRP2 À/À origin (Fig. 6A-D) . Thus, there were active lipases of P815 cells or CTLs, other than PLRP2, that were sensitive to THL. The cytotoxic activity of Tc1 and Tc2 CTL was unaffected by treatment with THL ( Fig. 6E and F) . It should be noted that the induction of cytotoxicity occurs in only minutes (35) and that by comparison, THL was a slow inhibitor. Thus, THL was able to inactivate the lipases that substantially degraded P815 lipids but might have been insufficient to reduce any rapidly induced biological functions that might be dependent upon the T cell lipases. Furthermore, THL was unsuitable as a probe to distinguish PLRP2 from other cellular lipases.
Discussion
In this study, we centered our attention on lipase damage to tumor cell membranes after CTL-mediated cytotoxicity and on the function of the Tc2 CTL-associated lipase, PLRP2. We found evidence showing the release of lipase activity by Fig. 6 . Oleic acid release was sensitive to the lipase inhibitor THL, regardless of the WT or PLRP2
À/À status of the CTLs. However, THL lacked effects on CTL-mediated cytotoxicity. CTLs were derived and tested as in Fig. 2 . Inhibited assays received 10 lg ml À1 THL (dashed line), while control assays received DMSO as a control for the solvent added with THL (solid line). Both WT (A and C) and PLRP2 À/À CTL release of oleic acid (B and D) were affected by THL. In (E and F), the P815s were labeled with 51 Cr to monitor CTL-mediated lysis in the presence or absence of 10 lg ml À1 THL.
both Tc1 and Tc2 CTLs. Using [ 3 H]-oleic acid-labeled P815 targets, we observed the release of FAs after CTL-mediated killing by both Tc1 and Tc2 CTLs. The contribution of PLRP2 from Tc2 CTLs to the hydrolysis of the lipids of the tumor cells was undetectable. We determined that a significant proportion of the lipid hydrolysis could be produced by endogenous tumor lipases when cells were disrupted in the absence of CTLs and that, when cells remained intact after anti-CD3 conjugation with Pfn À/À CTLs, the tumor cell lipids were refractory to the CTL lipases. These two observations suggest that CTL lipases have modest (if any) general lipase activity toward the P815 cell lipids. It should be noted that we found that r-PLRP2 is stable in the presence of granule extracts containing active granzyme proteases (data not illustrated), so it is likely that released PLRP2 lipase would remain intact. PLRP2 activity would also be expected to be low as the tumor lipids contain only low amounts of the triglycerides and phosphatidylethanolamine (compared with phosphatidylcholine), which are the lipids that PLRP2 favors as substrates (8, 36) . Thus, the issue remains open whether PLRP2 mediates any lipid hydrolysis when Tc2 CTLs deliver their cytotoxic mediators.
Our data suggest the presence of another CTL lipase or multiple lipases that are secreted by Tc1 and by Tc2 CTLs; however, the observations with the Pfn À/À CTLs also suggest that these lipases are also unable to hydrolyze the lipids within the membranes of intact P815 cells. We observed oleic acid release from disrupted tumor targets, when burst by freezing and thawing or when attacked by CTLs. However, the major questions that persist are (i) whether all the lipase actually originates from the dead tumor cells and (ii) whether CTL lipases play a role in cytotoxicity or have another yet-to-be-discovered function. Answers may be attainable when the tumors are derived from animals that are genetically ablated for the endogenous lipases. These animals remain to be derived. Although our THL experiments indicate that tumor death is unaffected even by an inhibitor concentration sufficient to block the released lipase activity by 8-fold, which would suggest that the lipase is irrelevant to death, caution is needed before concluding that the CTL lipases are totally irrelevant to cell death. CTL killing can occur within minutes following TCR engagement (35) , and inactivation of CTL lipase may be too slow to affect cytotoxicity. THL is a slow-acting inhibitor (37) and thus may be an inadequate probe. When new lipase-deficient tumors and better lipase inhibitors become available, the issue of the roles of lipases in CTL cytotoxicity should be re-evaluated.
The fact that perforin was required for detectable lipase activity suggests that the lipases may be acting synergistically or in conjunction with cytotoxic CTL molecules. Perforin may act to initiate cell membrane damage by forming foci as start sites for lipid hydrolysis. We have found that PLRP2 is located separately from the dense cytotoxic granules containing perforin (our unpublished observations) and so synchronized release of PLRP2 and cytotoxic granules would be necessary if PLRP2 were one of the lipases. If release were synchronized, the sulfated proteoglycans of the cytotoxic granules (38) would be available to bind PLRP2, which binds well to heparin (39) .
In this paper, we detected lipases that are released by Tc1 and Tc2 CTLs and noted differences, in that only the Tc2 cells seemed to release lipases after T cell antigen receptor stimulation. Little of this lipase appears to be PLRP2, which means that our experiments with the PLRP2-deficient CTLs provide no insight into functions of this lipase. Of note is the observation that perforin À/À Tc2 CTLs were effective against tumors in vivo (40). Tc2 cells secrete a different cytokine profile from Tc1 cells, secreting IL-4, IL-5, IL-6 and IL-10 (6); however, cytotoxicity is independent of these cytokines. Furthermore, adoptively transferred immune anti-tumor Tc2 CTLs were able to increase the primary host Tc1 CTL response to tumors (40) , indicating that Tc2 CTLs may orchestrate immune events as well as kill tumor cells. The Tc2 lipases may have a role in these events. Previous studies have been focused on the discovery of lipases in Tc1 CTLs, because IL-2 supports higher expression of perforin and granzymes, the proteins that support short-term lytic assay in vitro, compared to IL-4 induced Tc2 CTLs (41) .
The biological significance of PLRP2 found in Tc2 CTLs remains a mystery. It may be relevant that PLRP2 of goat semen mediates toxicity, but only when provided exogenous lipid substrates are available to support generation of toxic byproducts such as oleic and linoleic acid. The goat spermatids remained viable in the presence of PLRP2 alone, and triglycerides alone, but their acrosomal membranes were disrupted when PLRP2 was co-incubated with triglycerides (42, 43) . The FA products of physiologically available triglycerides, oleic and linoleic acids, can mediate apoptosis of tumor cells but these FAs require >24 h for death to occur (44) (45) (46) (47) (48) . Thus, it is possible that PLRP2 released by CTLs could produce lipid byproducts to affect tumor cell survival indirectly, provided that the appropriate triglyceride substrates are available in situ. Our future experiments will explore this possibility.
The most striking finding of our studies is the amount of FA release from cells killed by lymphocytes. The findings withTc1 CTLs corroborate the findings of Drs Anel A (49) and Kleinfeld et al. (13, 19) . Our data with the Tc2 CTLs are novel and indicate similar release per dead cell, regardless of whether it was killed by a Tc1 or a Tc2 CTL. Our interpretation, shared by Dr Kleinfeld (13) who also used oleic acidradiolabeled targets cells, is that the lipases are of target cell origin. These lipases appear to be activated by cell death, even when the original injury started with perforin damage at the target cell plasma membrane. However, initiation of the lipases may be promoted by biochemical pathways within the dying cells that are linked to CTL activity (49, 50) namely, (i) CTL-derived granzyme B-mediated activation of intracellular target cell procaspases to initiate apoptosis, followed by (ii) apoptosis-associated activation of lipases, including sphingomyelinase, as part of apoptosis to release FAs. Thus, regardless of the mechanisms, CTL killing releases FAs that will become immediate mediators of inflammation. Elevated concentrations of oleic and linoleic FAs >100 lM (with albumin from 10% serum) cause cells to undergo apoptosis (46) (47) (48) 51) . Thus, FAs released by cells dying from specific CTL attack, provided that the FAs exceed the buffering capacity of localized albumin (52) , have potential to promote additional death of adjacent cells.
